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ABSTRACT

The change in crystal structure at the transition temperature in
thc vanadium oxides, causes a drastic change in resistivity
as the material is heated (or cooled). This phenomenon is being applied

to the manufacture of a number of devices.

Al1 available information on the crystal structure, physical,
mechanical, thermal, optical, magnetic and electronic properties of
buik and film samples, has been tabulated in this compilation, Graphs

illustrating these features are Included.

iy LBy

P

P

e

GiBe e R

e

RS gy

RURUR SEREEAET W PRRIR [ERT TP LIV

asil

7enia

g e e e B

o




L]
i

| ]
5 ]
|
i |
TABLE OF CONTENTS |
FAGE
i
INTRODUCTION. . oo visei e v vnanns RPN Crer e et | %
| Phase Diagrams...... et e e b ;

Crystal StruCtUre...cuvvsoroenesinesososaronsnas e e 5 i
DATA TABLES
VO ...... e re bt e, e PN 6 f

b i s SIE WS ean wan
[~y ]
in
-1
©
>
w
O
1
o

b=
<

~
(e

w
.
.
.
.
.
.
.
.
.
N
~

-1
(24
=
[
©
=
»
.
.
-
.
.
.
.
.
[
(o <]
1
N
pXe

-------------------------------------

Graphs. oovieereorerervrenerorsinrnsreness Y Y BT
MIXED OXIDES ....... Ve ttee i et e e eaeaa Lu7-48

¢

BIBLIOGRAPHY...... e r e P 11

F—

o e s p—

T TR N el ETTETRETE T R T T TR WTTERRET T TR T TS W ey v e, T T T RN, W T I gy W NI I P e e T e T R TR T SR
<
(VS
o
(¥}
.
.
-
.
.
.
-
.
.
W
~3




INTRODUCT | ON

Several vanadium oxides, V00.8-1.3' V2°3 and an entire ser:es of
an-stolchlomatric vanadium oxldes, show a crystallographic transfcrmation

from a low to high temperature phase. According to Hyland,* there Is no
extenslve rearrangement of the atams, only slight distortions of the
original atomic grouping which is raplidly reversible at the transition
temperature, Fillingham in an optical study of the domain structure in
VOZ' indicates that displacement of the atom positions is small and comprises
only slight distortions of the V06-octahedra chalns as vanadlum atom doublets
farm, alternately nearer to and farther from one another In the low temp-
erature (monoclinic) phase, As the crystal moves through the transition
temperature, domain patterns show only in the mcnoclinic phase, there

are no domains evident In the tetragoral phase,

These alternating long and short separvations of the cations along
the a-~axis (2.65R and 2.128) shift above the transition temperature and
the cations form a body-centered tetragonal array; V-V = 2.878 along the

c-axis. As a result, a and 2-2 becomes Z-h,

monocl inic ~ zctetragonal

This shift in crystal structure must evidently exerclse a strong
effect on the electronic properties of the several vanadium oxldes and,
consequently, on the band structure. The most marked an! usefu! change
Is a rise In conductivity as the vanadium dloxide Is heated through its
trarsition temperature of 68°C where the materlal passes from a semicon-
ducting to a metallic state. The cenductivity is § orders of magnitude
In VO2 and 9 orders of magnitude in U203. The shift Is also anisotropic

and, depending on the sample quality, may also exhibit hysteresis,

Single crystals in the series VnOZn-x with x equal to an Integer,
hava been studied by QOkinaka et al., Kosuge and Nagasawa. Transition
temperatures in this serles vary from 68°C to -140°C. The composition
V509 has a resistivity jump on cooiing through 125°K of Nl07 fiem  and
together with V6°l| shows an Increase In thermal emf at the transition

temperature from ~10 to -800 wV/°K.

* All references are iisted alphabetlically by name, in the bibliography at
the end of thils report.
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This change in the several properties of the vanadium oxides is
being applied to the manufactire of a variety of switching and modulation
devices, since the time constant is about 20 nanoseconds. (Schmidt, Cope

& Penn, Walden, Kennedy & Collins. Van Stasncal)

Other electronic and physical properties also show a discontinuity
at the transition temperature; magnetic susceptihility, thermoelectric
power, specific heat, thermal expansion, reflectivity and transmission

spectra. Graphs illustrating these features are included.

Band structures have been formulated, based in general on the theor-
etical considerations of Goodenough, by many experimentalists. These
include Hyland, Verleur et al., Bongers, Porell et al., Berglund ¢
Guggenheim, Austin & Turner, Mokerov & Rakov and Adler. Austin & Mott,
in a recent discussion of the transition metal oxides, ascribe their
properties to Coulomb interactions between the d-electrons and a strong

electron-lattice coupling. With others in this field, they also agree
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that disorder and defects have a marked influence in leading to localized

electron states. There is, apparertly, a general agreement that the

structure derived from optical data, Verleur et al. propose a model for

}
transition phenomena are primarily lattice dominated, but a band structure Ty
which will satisfy both electrical and optical considerations has not yet .. 3
been formulated. ) .. i

j

In general, electrical and magnetic data yield a one-electron band ..

i

model with relatively large electron-phonon interacticons. |In a band . ;
: ]
]

VO2 above the transition temperature, in which filled valence bands
(associated with the oxygen) are separated from partially “illed conduc- ‘.

tion bands (arising from the vanadium), with the lowest vanadium bands

'
slightly overlapping one or more of the partially filled bands. On this ;: 3
basis, the VO2 at tempera:ures above the transition, would be a semi-metal, e i
rather than a metal., In the model derived frowm optical data, VO2 at :‘ i
temperatures below the transition would have electrons trapped in localized - ;

levels or occupying two completely filled bands. in anv event, much more

experimental data on crystals of high purity and stoichiometric quality

are needed to choose a realistic band structure model.
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Repeated cycling of crystals of VO2 causes cracking and to obviate
this difficulty, Hensler, Fuls, Rozgony and their associates have prepared
sputtered, polycrystaliine films, 500 to 4600 R thick, annealed at 400°C.
These randomly oriented thin films, when carried through the heating and
cooling cycle, show new random configurations with the same properties

as previously and may, therefore be considered stable,

Vanadium monoxide is stable over a composition range of V°0.8 to
V0|.3. Dens]ty measurements indicate that stoichiometric samples are
highly defective and analysis of Infrared spectra by Ariya & Golomolzina
led them to the conclusion that the monoxide comprises regions of vanadium
alternating with regions of V203.

The data tables which follow, cover all vanadium oxides known to
date, Including those which do not show any phase traonsition, Pertinent
curves for the several properties covered in the tables are inserted,
following each stolchiometric compound. A few graphs have been included
for chromium, aluminum or titanium doped vanadium oxides for their value
in device applications, but these materials will be more fully covered in
a later report,
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PHYS I CAL

PROPERTY SYMBOL

Formula
Stabiiity ranqge

Holecular Vigt,

Dens ity
Color
Symmetry
Space Group
Lattice a
Parameters
v-v
/
vo_ ao(A)
0.86 4.034
0.96 4,058
0.99 4,068
1,02 4,077
1.23 4,133
1.30 Loy

Melting Point

Specific Heat

THE VANADIUM-OXYGEN SYSTCM

VALUE UNIT NOTES TEMP, (°K)
Vo
V0¢.g-V0y,3 (Possihle: V0= V+V,03)
66.95
5.92 g/cm3 6.h9 (cale.)
light grey
cuhic
Fm3m 2-4
4,099 A
4,093
2.93
Densi ty Vacancies
(g/cc) (%)
5.736 37.0 sintered at 1300°C
5.674 31.7
5.602 30.8
5.583 28.9
5.329 21.2
5.85 22 single crystal, zero
oxygen vacancies
1720 °C in vacuo
0.014 cal/q °K 50
0.188 300
0.225 1700
6
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ELECTRICAL

PROPERTY SYMBOL

Resistivity VO 83-.86

sxlo'b

BxIO-u

Bxlo‘b

V0 414
2x1073
1073

Bxlo-h

Temp. Coeff.

Resistivity

Transition Temp. TC

Pressure
Coeff.

Transition Temp.

ch/dP

-3x10°

THE VANADIUM-OXYGEN SYSTEM

VALUE UNIT

Vo

V0y 02

1.2

N-cm
\

6x10-3

5x107> 910

a1073 1072

VO, 147 VOy.28

2

3x10- — Q-cm

1

2x10°2  2x10°

5x107>  6x10°

3

2x10 O-cm

3
3

0.4x10°
0.8x10°

5 Oc-]

- 1073

107 g-cm

106

1072

114 °K
126

-3 103 °K/bar

88-12% °K

NOTES

sintered

sintered, shows
no T
c

sintered to
90% density,
shows no TC

1-5p, epitaxial
film on Hgl, no Tc

0.3 film, VOO.Z

0.1y film, VOI.Z

0.3y film, VOO.Z

0.1y film, VO, ,

|
Y05 .9
V0, single crystal

cooling
heating

P= 25 kbars
NMR meas., ranqe

due to variations
in stoichiometry

TEMP. (°K)

77
300

100

115
300

77-300

300

94
83

300

REFERENCES

Honig et al.

Banus et al.

Kawano
et al.[A)

Takei &
Koide [A)

Hensler
et al.

Hensler
et al,

Austin

Horin

Morin

Austin

Warren
et al.
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ELECTRICAL

PROPERTY SYMBOL

Enerqy Gap

Seebeck Coeff,

Maanetic
Susceptibility

X

q

V0'88

-1

Vo

Vo

25

2.

.85

.92

THE VANADIUM-OXYGEN SYSTEM

VALUE UNIT NOTES
6 meV nigh V content
0.157 eV low V content
V0 g9 YOy .05 Y0y.23
-4 +5 422 uV/°K  sintered
Vo VO!,OS VO‘.26
+3 +8 +26 sintered to
0 +3 +17 90% density
6 16 cas sintered, VO
8 sintered
5
V0y.07 V0 .26
-6 .
BO 115 10 “cqs sintered
8

300

ano

300

90
300

2-7

TEMP. (°K)  REFERENCES

T

b §
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et al.,
Kaviano I
et al.[A]

1
Banus
et al, -
Kawano T
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PHYSICAL

pogocoTy cvuesn
Formula

Molecular Wgt.
Density

Color

Symmetry

Space Group

Lattice a
Parameters b
o)
¢
0
B
V-V
Transition
Temperature
Symmetry
Lattice 3,
Parameters c
o
V-0
0-0

THE VANAD IUM~OXYGEN SYSTEM

VALY

ey

Vo,
82.94
L.69
blue
monoclinic
P2)/a Z-k4

5,744

4.520

5.376
122.6

2.65, 3.12

68

tetragonal
4.559
2.801

1.95
2.50, 2.87

Temperature (1/a)(da/dT) 0.5

Coeff.

Melting Point

Specific Heat

(1/¢) (de/dT) 3.6

1818

0.157

0.25

uNIT NATFS TEMP. (°K)
g/cm?
[-]
A
A
°C to rutile structure
(rutile)
A 357
-5 :
10 /°K 340-550
°K
cal/g °K - 300
1700-1900

REFERENCES
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Handbook
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Westman
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Cook,
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PHYSICAL

PROPERTY SYMBOL

Debye Temperature

Thermal Conductivity

Thermal Expansion
Coefficient

Young's Modulus

ELLCTRICAL
PROPCRTIES

Dielectric Constant

~Optic €
Static €
o
Optic

Monoclinic

Monoclinic

Tetragonal

Optic

Monoclinic
Teiragonal

Optic

Tetragona!l

13
1

4

THE VANADIUM-OXYGEN SYSTEM

VALUE

750

65

24

l1-a [-2

26

2

L e

0.0

0.6

5.6
4,26

3.95

“-9

1y V.
16 dynes/cm

E II a
9.7

25.9

5.54

UNIT

°K

mW/cm °K

_h
10 /°K

-6
10 /°K

NOTES

monoclinic, single
crystal, || c-axis

teiragonal, single
crystal

monoclinic

reflectivity mezs,
at 1-90u- on single
monoclinic crystal

at 0.3-6u

1000 & film
at 0.25 to 4y

100G A film
at 0.25 to &y

tingle crystals ¢
sputtered films

single crystal
at 0.25 to 3u

TEMP. (°K)

300

300-360

68°¢C

137°¢C

300

300

300

355

300

355

REFERENCES

Berglund &
Guggenheim,
Derbenwick

Berglund ¢
Guggénheim

Guntersdorfer

Hazony &
Perkins,

~ Bongers

Guntersdorfer

Barker
et al.

Verleur
et al.

lerbenwick

Verleur
et al.
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THE VANADIUM-OXYGEN SYSTEM

ELECTRICAL
PROPERTY SYMBOL VALUE UNIT

Dielectric Constant

Pressure Coeff,

_6
(1/¢) (de/dP) -2 10 /bar
Resistivity 5 X D-cm
107
5x103
f (Hz)
-5
10 0
100 103-108
25 1010
lle-axis |la-axis
-2 -2
4x10 10 Q-cm

-3 L
2x10 L4x10

Temperature  Q-cm TCR Thickness

Coeff. h.2  -0.036/°C 700 A
2.3 -0.106/°C 1000

Pressure Coeff.

-5 2
dp/pdP -2 10 em /kg
-3.%

NOTES

high purity,

single crystal

single crystal

single crystal,

[1-[100]

epitaxial films
on rutile

monoclinic crystals

sputtered films

single crystal,
P= 5x103 kg/cm?

TEMP, (°K)

293
3

300

300

300

300

293

REFERENCES

Neuman
et al,

Bongers,
McChesney &
Guggenheim,
Bando et
al,, Ladd ¢
Paul

Austin ¢
Turner

Kabashima
et al.,

Koide &
Takel

Everhart ¢
McChesney

Hens ler
et al.

Ladd ¢
Paul,

Guntersdorfer,

Neumann
et al,

L s o on st

I
ek &,




THE VANADIUM=-OXYGEN SYSTEM

ELECTRICAL
PROPERT IES SYMBOL VALUE UNIT NOTES TEMP.(°K) REFERENCES
Transition T 66°C Chamberland
Temperature ¢
Pressure dT_/dP +8.02 107°°K/kg cm™?¢ single crysta’.i Berglund ¢
Coeff. ¢ P= Ux10% kg/cm Jayaraman
dp= 10" w-cm
+5.90 high purlty, single ’ Ladd ¢
crystal, Pe 8x10° kg/cm? Paul,
Neumann et.
al,
, R : ,
Transition Time 20 nsec. 1600 A thick film, Reach € ;
sputtered on glass Balbeig, )
Cope &
Penr.
Mobility 0.05 cm?/V sec sputtered film, 273 Hensler, :
0.01 powder 37G Kitahiro
et al. :
R
: {
J.6 single crystal, 300 Barker Do
15-20 i §l=cm - 353 et al. :
Effective Mass
Electron m 0.5-b m metallic state, >68°C  Barker :
n <} ! ‘
cale. from optical et al., i
and electric meas. Berglund & :
) Guggenheim E
m, 1.6-7 semiconducting <68°C o
n state : : ..
m 1-4 {
t
m 7. single crystal, >68°C Hensler Vo
sputtered fiims i
1 <66°C i
o
Energy Gap 0.6-0.7 eV opticael meas. at <68°C  Verleur - %
0.3-6p on a film, et al., i
electrical meas. Heywang & ;
on a single crystal, Guntersdorfer, i
~phetoemission mzas. Powell et .
or s tilm al. i




THE VAMADIUM-CXYGEN SYSTEM

[ -] -——— .

ELECTRICAL
: i PROPLATIES cymecy vaLLe untT MoTes TEMP [°¥)  REFEREKTES
Frarnyv ffan
3 TmhRe T .6 22
' l Fressure dE /dP ~e10 eV/kg cm semiconducting Berglund &
: Coeff. 9 state Jayaraman
3 ! Deformation § eV plezoresistance 300 Guntersdorfer
) Potential meas. on single
l crystal
‘ Photoemission 5.4 eV 5u film 298 Powel |
' Threshnld L.8 373 et al.
| r
3 Quantum Yield 7x10 electrons/proton 298 Powel
. o2 -\73 et al.
& I 2x10 2
. Seebeck Coeff. -21.) pv/ec || c-axis 75°C Berglund ¢
1 -23.1 ] c-axis Guggenheim,
i -30 to -400 300 Hensler
f I =900 single crystal 293 Kitahiro
' -750 333 & Watanabe,
rl Bongers
? =130 700-1300 A, single 300 Hensler
- crystal, sputtered
- films
o 6
- Magnetic X 0.88 10 cgs single crystals 100-300 Barker
SO Susceptibility 9 et al.,
P Hitl ¢
~ Martin
-t _l_-c 1<
we . -6
0.85 1.0 10 «cgs single crystal 293-340 Berglund ¢
- 7.9 8.4 340-373 Guggenheim
- Reflectivity metallic A= 0.7-0.8u 79°C Mokerov &
. Rakov,
P Barker et
} - al.
-2 2
he Emissivity 2.5 10 W/em single crystal 300 Boyle ¢
- 4.4 340 Verleur
2.0 341
1 ;
;

-




V02 - ELECTRICAL RESISTIVITY
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Resistivity of single crystal VO2
as a function of temperature,
measured parallel and normal to
the manoclinic a-axis.

Pabished vith parmissien gverhart & McChesney
Cobyriant® Amaricon institute of Physiss

b
Resistance as a function of bias
voltage at 296°K.

1. Increasing voltage

2. Decreasing voltage

pupiished with permitsien valiev et al.
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V0, - PHASE TRANSITION

Temperatore %)

Thermal expansion as a function
of temperature for sintered V03

Kawakubo & Nakagawa
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TEMPERATURE (°C)

MAGNETIC SUSCEPTIBILITY X 1{0* emusg)

o
L

Magnetic susceptibility as a function
of temperature in single crystal VO,
near the transitinn temperature.
Measurements are parallel and normal
to the rutile c-axis,

Pusianed witn perminien  BErglund & Guggenheim
Copyrign@® Amerigan (mstitute of Puysies
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VO, - OPTICAL PROPERTIES
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Reflectivity as a function of wavelength at three temperatures.
The solid curve is a fit for data below the transition temperature,
at 63°C, Data points marked by a triangle were taken on cooling.
’ Barker et al.
Copprign@) Amarisen instityte of Physics
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Reflectivity as a function of wavelength
for single crystals, measured abnve and
below the transition temperature.

1. El c, above

2. EL ap at 20°
3. Ellay at 20°

k. Ellc, above

70°C
o
c
70°C

Structure above 2 eV is associated with
electron transitlions; below 2 eV the
reflectivity is metallic.
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4 STRUCTURE PLOT - VO, i
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i'.
Electron energy, E, is measured relative to the uppermcet -
occupied level. The location of the structure relative to ?F
Lie uppermost occupied level is the same for V04 and V408 il
within the resolution of the photoemission.
Derbenwick
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VO, - FILMS
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Electrical Conductivity as a function
of temperature for VO2 films.

Curves show the effects of various
substrates on the transition tenperature.
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PROPERTY

Formula

Symmetry

Lattice Parameters

Symmetry

. Lattice Parameters

Coefficient of
Expansion

Shift in
Coefficient

Melting Point

Specific Heat

a
o}

b
o

O

w

[

SYMBOL

o]

‘a
o]

o

TR SR s e I £ e s

THE VANAD I UM-0XYGEN SYSTEM

VALUE UNIT NOTES TEMP. (°K)
V,0,

165,884
i g/cm?

monoc!inic - <70°¢C

5.753 A 335
b.524
5.382

122.62°

tetragonal (rutite) >/0°C
b.54 A 344
2,85
-6
5.4 10 /°Kk (tetragonal)
4

-1 10 /°k 67°cC

1547 °C

0.18 cal/g°K 300
0.25 1700
0.25 1800

22

REFERENCES

Cook

Chamberland,
Minomurs ¢
Nagas sk

Chamberland,
Minomura ¢
Nagasaki

Minomura &
Nagasaki,
King &
Suber

Minomura ¢
Nagasak i

King ¢
Suber

Minomura ¢
Nagasaki

TPRC, p. 532,
Cook

TPRC, p. 532
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ELECTRICAL
PROPERTY

SYMBOL

Dlelectric Canstant

Optical

Resistivity
Transition
Temperature

Pressure
Coeff,

Resistivity

Energy Gap

€

E

M-0XYGEN SYSTEM

NOTES

tetragonal, E||c-axis

THE VAN T
VALUE UNIT
9
b
10 fi=cm
10
66 °C
<5
6 10 °K/bar
=2
10 si-cm
0.65 eV

single crystal,
high quality,
oriented ||c-axis

P= 8 kbars

amorphous film,
rf-sputtered on
substrate at 135°C

transmission mezs.
on single crystal

TEMP. (°K)

353

>339
<339

300

300

REFERENCES

Barker
et al,

Ladd &
Paul

Ladd ¢
Paul

Ladd ¢
Pavi

MacKenzie

Ladd ¢
Paul
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REFLECTIVITY /TRANSNMISSION (%)

V,04 - REFLECTIVITY
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Reflectivity/Transmission of a
single crystal, epitaxial film,
grown by vapour transport. Data
are taken above (350°K) and
below {300°K} the transition
temperature.
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PROPERTY SYMBOL

Formula

Molecular Wgt.

Symmetry
Lattice a,
Parameters
b
o
o)
a
B
Y
Density
Electrical
Resistivity
Transition
Temperature
Seebeck Coeff.
Magnetic X
g 9

Susceptibillty

Néel Temperature

THE VANADIUM-OXYGEN SYSTEM

VALUE

Vi 0y

398.71
triclinic

7.004
7.825
5.465

g7°39!
109° 2!
gh® '
L 72
23
10
103-104

130

-10 to =20

-200
-800

10

L5
20

162

UNIT

3

g/cm3

s-cm

°K

pV/ %K

=&
10 cgs

°K

25

NOTES TEMP. (°K)
V01_8
single crystal 130-300
125

single crystal

‘single crystal 130-300
125
110
single crystal 77-140
140
265
sintered

REFERENCES

Kosuge[B]

Donnay

Donnay

ODonnay

Okinaka
et al.[D]

Okinaka
et al.[D]

Okinaka
et al.[D)

Nagasawa
et al.[A]

Kosuge [B]

Kosuge
et al,[A]

Satati Al Y




[ THE VANADIUM-OXYGEN SYSTEM
E PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(°K) REFERENC:S
b , . .
E rormuia VelUls VU2 . 16=2.17 Kosuge U t !
E Holecuiar wWgt. 5i13.652 ‘ 'A.
' Melting Point 708 °C Kosuge [B] ’
i
1 Svmuetry monoclirnic Vi20y Donnay
E Lattice a 11.90 Donnay -
) o
Parameters
i bo 3.671
E c 10.122
O L]
[
i 3 100°52!
II n o
g Expansion Coeff. -1,62 107 /°K sintered 80-173 Kosuge R
4 et al.[8] ,
| +1. 14 10 /°K 173-300 |
F Electrical 103 Q2-cm sintered 300 Kachi et. ci
3 Resistivity 5 at. i
K 2x10 156 .
t i
- 4 :
: 2x10 157 -;.
'.- S !
- 2.5x10 100 i
Transition 156 ‘K electrical meas. .. !
1 ;.
Temperature 154 magnetic meas. o
. . z :'
Pressure ch/dP -1.06 10° °K/bar single crystal Kosuge b f ¢
Coeff. et al.[B] - i
: .
) d
Magnetic X 't 10 cgs sintered 77-150 Kosuge :
Susceptibility S et al.[A,B] !
] 175 4
8 280 ]
t

et al.[A]

26

Née! Temperature 155 °K Kosuge l
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PROPERTY
Forrula
Molecular Wgt.

Fiectrical
Resistivity

Transition
Temperature

Seebeck Coeff,

Magnetic
Susceptibility

Formuia
Electrical
Resistivity
Seebeck Coeff.
Magnetic
Susceptibility

Formula

Electrical
Resistivity

Seebeck Coeff.
Transition
Temperature

Magnetic
Susceptibility

THE VANADIUM-OXYGEN SYSTEM

VALUE UNIT
V01
481,652
=1
10 Qecm
102
177 °K
=10 uV/°K
-900
-6
20 10 cos
36
31
V703
_3
10 {i=cm
-1 Y ASA
_b
44 10 cos
22
V04
.2
10 f=cm
.3
2x10
2
10
-10 uV/°K
-230
250 °K
.5
14 10 cgs
24
27

NOTES

V01 .83

single crystal

single crysta!

single crystal,
TC- 170°K

single crystal

single crysta!

TEMP. (°K) REFERENCES
Kosuge[B)
177-300  Oklnaka
177 et al.[cC]
Okinaka
et al.[C]
177-300 Okinaka
et al.[C]
77 Nagasawa
170 et al.[B],
250 Kosuge(B]
Ok lnaka
et al.[cC]
120-300
120-3G0
100 Kosuge [B]
250
Okinaka
et al.lE]
300
250
200
250-300
200
100-178 Kusuge [B]
250-260
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Electrical conductivity as a
function of temperature for a
series of vanadium oxides.
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PRCPERTY
Formula

Moiecuiar
Weight

Density

Color

Cleavage
Symmetry

Space
Group

Lattice a
[}
Parameters

[o}

Melting
Point

Specific
Heat

Thermal
Expansion
Coefficient

ELECTRICAL
PROPERTIES

Dielectric
Constant

Optical (2

SYMBOL

THE VANAD!|UM-OXYGEN SYSTEM

VALUE
V705
181,88
3.357
2.42-2 69

pale yellow

(100)

UNIT

g/cm3

orthorhombic

Pnm2 Z2-2

11.510
L 369
3.563

668

676

0.167
0.227

2
55.4
8

p-1]

°C

cal/g°K

10°8/°K

NOTES

single crystal

amorphous

transparent

acicular habit

single crystal,

TEMP. (°K)

298

loses oxygen on heating

in vacuo at 600°C

|| a-axis
|| b-axis

|| c-axis
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300
950

25-600°C

REFERENCES

Kennedy
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Kenny
et al.

Donnay
Donnay

Donnay

Bachmann
et al,

Kennedy
et al,
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Kimizuka
et al.
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THE VANADIUM=-OXYGEN SYSTEM

PROPERTY SYMBOL  VALUE  UNIT NOTES TEME . ( "k}
Dielectric
Constant
Static €0 6.89 pressed powder 300
at 6 GHz
Resistivity a b ¢ (axes)
170 4700 670 ohm-cm single crystal 298
5x108 1010 2x108 single crystal 100

platelets grown

103 2xi03 5x102 at 700°C, laminar 300
with mirror
surface
108 1010 3x107 high purity, 77
single crystal
2x10% 105 200 300
120 104 50 k50
1.6 4 0.4 103 ohm-em single crystal 293
25 ohm-cm liquid in atr 670°C
7 liquid in argon
10% high density, 300
amorphous film
108 low density, 300
amorphous film
1.1x108 0.5-5u thick, 300
amorphous film
3x10% ohms P <100 kbars 300
103 P=100-105 kbars
Lx)04 P >105 kbars
10t P >300 kbars
Mobility 5 cm?/V sec high purity, 300

macrocrystalline

31

Kiriashkina
et al.

Kennedy et al.

McCulloch

Volzhenski | &
Pashkovski i,
loffe & Patrina,
Patrina & loffe

Allersma et al.

Kennedy et al,

Minomura &
Drickamer

King 6§ Suber
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PROPERTY SYMBOL VALUE UNIT
Mobility a h c (axes)
1A-? - 1mel roVA=?
v AN IRV
1077 10°2 1071
Energy Gap ¢ l-a
2,34 2.36 eV
2.49 2.54
2.30 2.32
Temperature dE /dT -6,1 -7.3 1074 ev/°
Coefficient 9
Seebeck . a b ¢ (axes)
Coefﬁcwnt ‘5.8 ’6.15 _8 UV/OK
-9 -8.2 -10
-8.4 -8 -9
-1000 wv/°K
Magnetic X +0.4 1076 cgs
Susceptibility
+1.)
H | b-axis H || b-axis
0.3 0.2 (10°86)
OPTICAL
Transmission &0 ¥

THE VANADIUM-OXYGEN SYSTEM

32

NOTES

hiigh puriiy, singie 300
crystal
L4o

optical meas. on 300
high purity single
crystal
single crystal, 0
optical meas. at 300
0.47-0.56 y
K 293-653
high purity, 180
single crystal, 250
max, at 250°K 420
single crystal 300
vyellow form 300

100-400
single crystal 77-300

plates, =% kQe

0.8 u thick film
A= 0,52y

TEMP, (°K)

REFERENCES

Volzhenskii
¢ Pashkovskii

Kenny et al,

Bodo & Hevesi

Bodo & Hevesi

Volzhenski i
& Pashkovskii

loffe &
Patrina

Tourky et
al.

Roch

Khan et al,

Sinciair
et al.
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THE VAMADIUM-0XyGew SYSTEM

PROPERTY  SVMDOL  VALUD  uniT noTES
Refractive Wavelength (u)
Index
0.55-0.75 0.6708 0.5893

n 2,07 2.70 2.89 single crystal,

8 birefringent

"y 1,97 2,07 2.10

Ne 2.12 2.45 2.55

33

TEMD (k)

300

REFFRFNAFS

Kenny et ai,,
King & Suber
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Reflectance spectra of single crystals;
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ST IR

PROPERTY
Formula

Molecular
Weight

Neng ity
Symmetry

Lattice
Parameters

Electrival
Resistivity

Seeveck
Coefficient

Magnetic

Susceptibility

THE VANADIUM-0YYGEN SYSTEM

SYMBOL VALUE UNIT NOTES
V30s VO; g5-1.87
232.826
4,55 q/cm
monoclinic 2-4
a, 9.835 R
by 5.031
o 6.974
] 169° 28!
250 ohm-¢cm single crystal,
106 meas. | growth-axis,
slightly anisotropic,
2 x 108 no transition
2 x 103 sintered
2 x 10°f
-250 uV/K single crystels
-Loo
Xq 2b 1078 cgs  single crystals
30

37

TEMP. (°K)

300
185
115
300
185

300
200

250
77

REFERENCES

Kosuge (B)

Donnay
Donnay

Donnay

Okinaka[A]
et al.

Kachi
et al.

Okinaka[A]
et al,

Nagasawa [B]
et al,
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I Electrical resistivity as a function
T of temperature for slngle crystal V,0
trom.1:0n temperoiwe 3 5
el- o of v,0, Two samples were measured; from 250
g {52 to 300°K by a four point method and
. £ 5 below 250°K by a two point method.
2 ] Measurements were made as indicated,
-« »
g * parallel and normal to the growth axis.
st Okinaka et al.
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PHYS1CAL
PROPERTY SYMBOL
Formula
Molecular Wgt.
Density
Color
Symmetry
Lattice ao
Parameters b
c
o]
P ¢
E
. -y
¥ V-V
3
9
: Symmetry
Lattice a
Parameters c
YRY
' V-V
‘ Density
E
E
:
f Melting Point
!
|

Specific Heat

THE V. NADIUM-OXYGEN SYSTEM

VALUE
V204
149,88
5.05
blarb

monoclinlc

13.88
4.98
8.57

91°36"

2.748
2.987

hexagqonal

L.948
13.97

2.700
2.872

4,98

2050

0.165
0.24
0.2%

UNIT NOTES
g/em?  monoclinic

-]

A <160°K

-]

A face (a-c plane)
edge
a-corundum

o

A
face
edqge

g/em®  single crystal
°c
cal/qr °K

39

TEMP. (°K)

200
1700
1800

REFERENCES

Donnay
Handbook
Donnay

Donnay

Dernier &
Marezio

Donnay

McWhan &
Rice,
Nakahira et
al, Hewnham
& de Haan

Dernier &
Marezio

Zhuze
et al.[A)

Stringer

TPRC,
p. 530
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THE VA~ \DIUM-OXYGEN SYSTEM

PHYS I CAL
PROPERTY SYMBOL VALUE UNIT
b
Thermal Expansion ne2 10 /°K
.5
Al 10 /°K
ELECTRICAL
PROPERTY
Dielectric Constant
Static €, 15(£20%)
18
36
Optical €, ~nG
b
Electrical 1.3x10 Q-em
Reslistivity
105
107
ll-¢ plane _ Il-a plane
b _4
3x10 1x10
H b
5.6x10 6.3x10
104
105
b
12x10
21
26
29
10"
107

NOTES

hot pressed at

1100°¢C

polycrystalline

at 1 MHz

V5,03 7 pressed

povder,

£300
at 10 GHz

single crystal

high purity,

single crystal

single crystal

single crystal

amorphous,

sputtered film

i)

= 50 Q-em

TEMP, (°K)

173°¢C
300-800°C

53

<160

>T

300-170
168
115

285
273

150
120

500
600
700
800

<170
>170

REFERENCES

Folx

MacMillan,
p. 18

Samokhavalov

Zhuze
et al,[B]

Goodman

MacMillan

Feinleib &
Paul

MacKenzie
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THE VANADIUM-OXYGEN SYSTEM

ELECTRICAL

PROPERTY SYMEOL VALUE UNIT

Electrical
Resistivity

NOTES

-3
Temperature o{(T)/p(0°C) 0.36+2.3x10 T{(°K) single crystal

Coeff,
I-c I1-a
Ih-¢ . 1l-a 6
Pressure dp/dP 4,3 -8.8 10 u-cm/kbar P=6 kbar
Coeff.
It-a
Volume (1/p) (dpV/dV) 42 Pel bar
Coeff. 20 P=25 kbar
Transition Tc 17224 °K high purity,
Temperature single crystal
Pressure ch/dP -4, °K/kbar P=15 kbar,
Coeff, single crystal
-3.78 P=6 kbar
-3.1 P=160 kbar

a b ¢ (axes)
-6.8 -4,1 -0.5 °K/kbar

Stress dT /

Coeff. ¢ ds
Mobility
Hole u 0.55 cm?/V sec
P 0.40
0.7
Temperature
Coeff.
Hole v 0.6
P 0.2
N
Hole y 1.5x10
p

4

single crystal

single crystai

single crystal

TEMP. (°K)

150-350

300

300

150

77-500

300

200
300

300
700

125

REFERENCES

Feinleib &
Paul

McWhan €
Rice

Goodman,
McWhan ¢
Rice,
Morin

Austin

Feinleib ¢
Paul

Minomura &
Nagasaki

Feinleib &
Paul

Zhuze
et al.[A]

Austin ¢
Turner

MacMillan

1
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ELECTRICAL

ponocoTY SYMRAL
Effective m
Mass

Mean Free Path

Energy Gap

Pressure dE_ /dP

Coeff. 9%
Seebeck Q
Coeff. H
Q
L
Q
¢
Magnetic X

Susceptibility

g

THE VANADIUM-OXYGEN SYSTEM

VAlLIIE UNIT NOTES
L5-50 m single crystal
B! optical meas.
on single crystal
o
2 A
0.1 eV optical meas.

0.12-0.18 electrical meas,

)
-4, 4 10 eV/bar sinale crystal

10.5 W/ °K single crystal
3.2
+350 p-type
-4oo n-type
~vi2
<=

27
V10 cgs single crystal

-6
3. 10 cgs pressed powder
6.4
X
[ 1

6.9 5.9 10" cgs single crystal
2.2

12,42 12,58
11.24 10.88

single crystal

k2

TEMP. (°K)

77

150-170

205

100
100

170-500
100~150

>170

90
293

<170
>170

300

AREFERENCES

Feinleib &
On,l A-J\:r
b

calsy, RG

& Feinlei

Zhuze
et al.[8]

Feinleib &
Paul, Adler
& Feinleib

Feinleib &
Paul, Adler
& Feinleib,
Barker &
Remeika

Feinleib &
Paul,
Austin

MacMlllan

Austin &
Turner

MacMillan

Bogdanova &
Loginov

Carr &
Foner,
Nakahira
et al,

Arnold &
Mires,
Gossard &
Menth
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OPTICAL
PROPERTY

Transmissicn

Refractive
Index

SYMBOL

THE VANADIUM-OXYGcN SYSTEM

VALUE UNIT NOTFS TEME [°u)
Wavelength
)
0 0.2-20 300
max | mum 6 77
1.84 0.4 single crystal 300
1.67 1.0
1.95 2,0
6.8 10.0
8.8 20.0

43

Feinleib ¢
Paul,
Barker ¢
Reme i ka

Zhuze
et al.[B]
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Transition temperatures as a function of
hydrostatic pressure in single crystals.
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[Critical compositions x; and x, indicate phase change: at 300°K. Room-
] 2 9 .

_ temperature structures within the reglons xj<r<xy and x>x3 are also 3
A indicated, where mono. refers to the monoclinic {P2/c) phase and ortho. B ]
; to the orthorhombic (probable space group £222) phase,] ol
] P

mo | AT/RUKEEM " S | X i

lj 3 . ey

Cr ~+3 0.0} 0.20 ortho, Q2¢,* :

: re™ +3 0.01 0.125 ortho, two-phate po

E-' Ga¥ +6.5 0.005 0,02 atho. tw -phate

ar® +9,0 0. 005 0.045 ortho, two-phase :
3 u# ~0.5 10 -0.7 0.2 0.2100,25 ortno, rotile T
] : and (2¢)* ¥ g 4
' Re** ~—4 0.07 rutile . e 3 '_.'
i o . i §
; te ~—d 0,04 0.5 rutile twe -phate ?’ !? g
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- , T 3 M
g Ge* +5 i 3
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* The 2¢ phase is o distorted rutile structure with orthorhombic symmetry, and the 2¢' phase . 3 1
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